Although studies of both humans and animals suggest detrimental effects of psychological (restraint) stress on reproduction, reports concerning the direct effect of psychological (restraint) stress on the oocyte are few and conflicting. In the present study, a restraint system that allows mice free intake of feed and water while restraining their movement was established, and effects of maternal restraint on oocyte competence were examined by observing embryo development in vitro and in vivo. The results indicated that restraint stress applied to both gonadotropin-stimulated and unstimulated females during oocyte growth and maturation increased their plasma cortisol level but impaired ovulation and oocyte developmental potential. Injection of cortisol also decreased oocyte developmental potential in both stimulated and unstimulated mice. However, whereas restraint stress reduced the plasma follicle-stimulating hormone (FSH) level of unstimulated mice, injection of cortisol did not. Because the stimulated mice had received very high doses of FSH and luteinizing hormone from injection with equine chorionic gonadotropin injection, the results suggested that whereas cortisol acts directly on the ovary to damage the oocyte, restraint stress impairs oocyte competence by actions on both the hypothalamic-pituitary-gonadal and the hypothalamicpituitary-adrenal axes. However, exposing the cumulus-oocyte complexes (COCs) to physiological levels of cortisol did not affect oocyte nuclear and cytoplasmic maturation in vitro. Thus, cortisol might have impaired ovulation and oocyte potential by an indirect effect on ovarian tissues other than the COCs.
INTRODUCTION
Epidemiological studies with humans suggest that maternal psychosocial stress, strenuous physical activity, and fasting are independent risk factors for preterm birth and low birth weight [1] . For example, thin women with a poor psychosocial profile are at increased risk of giving birth to low-birth-weight and preterm infants when depressed during pregnancy [2] . Psychosocial stress during pregnancy was associated with spontaneous preterm birth and low birth weight even after adjustment for maternal demographic and behavioral characteristics [3] . In addition, psychological stress was observed among women undergoing in vitro fertilization (IVF) or gamete intrafallopian transfer [4] , and such stress was often associated with decreased numbers of oocytes retrieved and fertilized, pregnancies, and live birth deliveries as well as with decreased birth weight [5] . Furthermore, infertile women were found to have a different personality profile involving more suspicion, guilt, and hostility, and their circulating prolactin and cortisol levels were elevated compared to those of the fertile controls [6, 7] .
Studies using animal models also indicate that psychological (restraint) stress during pregnancy impairs embryo development and pregnancy. Mice exposed to 5 h of restraint stress on Days 1-3, 4-6, or 1-6 of pregnancy showed increased numbers of abnormal corpora lutea, decreased serum progesterone concentrations, reduced pregnancy rates, and smaller average litter size [8] . In rats, restraint stress during midpregnancy caused luteolysis, retarded fetal development, and even fetal loss [9, 10] . Regrouping group-housed sows after weaning caused stressful situations with elevated blood cortisol concentrations [11] , and in such sows, rebreeding was performed more often after an irregular estrus-to-estrus interval than in sows kept in individual stalls [12] . In ewes, short-term maternal psychological stress applied for 1 h on Days 2 and 3 after conception affected fetal growth and gestation length [13] .
The timing of stressors appears to be most important, with early pregnancy being the most vulnerable period [14] . According to Hobel and Culhane [1] , stressors present early during pregnancy are also most likely present before pregnancy; hence, to improve pregnancy outcome, interventions will have to begin before conception. In fact, a recent prospective study indicates that stressful life events may reduce the chances of a successful outcome following IVF, possibly through psychobiological mechanisms affecting medical endpoints, such as oocyte retrieval outcome [15] . However, reports concerning the direct effect of psychological (restraint) stress on oocyte development and maturation are few, limited to the rat (Rattus norvegicus), and with conflicting results [16, 17] . In addition, although studies indicate that stress can alter cortisolexcretion patterns during the estrous cycle, which ultimately affect the hormonal profile in critical stages of the reproductive process [18] [19] [20] , the mechanism by which stress impairs embryo development is largely unknown.
In most mammals, oocytes enter into the early stages of meiosis during fetal life, and they become arrested at the dictyate stage of prophase I until after birth, when some of them begin to grow [21] . The fully grown oocyte contains a single large nucleus or germinal vesicle (GV), and it will resume meiosis following the stimulus of gonadotropin on follicles. The resumption of meiosis results in GV breakdown, followed by formation of the first polar body and the mature, metaphase II oocyte. Recent studies in cattle have indicated that oocyte development in dominant follicles immediately before the LH surge (the prematuration stage) [22] and during the 24-h period after the LH surge (the final maturation stage) [23] is crucial for oocytes to acquire their developmental competence. Furthermore, stimulation of beef heifers with gonadotropin has been found to increase oocyte developmental potential [24] .
Restraint is an experimental procedure developed for studies of psychogenic stress [25, 26] . In the present study, a novel restraint system was first established that avoids as much physical stress as possible by allowing mice free intake of feed and water while restraining their movement. Effects of restraint applied during proestrus of an unstimulated estrous cycle or at different periods following gonadotropin stimulation on oocyte maturation, ovulation, and activation/fertilization as well as embryo development both in vitro and in vivo were then observed. The mechanism by which restraint stress affects oocyte developmental potential was finally analyzed by measuring the follicle-stimulating hormone (FSH) level in serum and observing oocyte IVF and embryo development following restraint stress or cortisol administration.
MATERIALS AND METHODS
Unless otherwise specified, all chemicals and reagents used were purchased from Sigma Chemical Co.
Mice
Mice of the Kunming breed were kept in a room with a constant temperature (22-258C) and a 14L:10D photoperiod (lights-off, 2000 h). The animals were handled according to the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University.
Unstimulated cyclic mice. Virgin female mice, ranging in age from 8 to 12 wk, were examined twice a day (0730 and 1930 h) for the stage of the estrous cycle by observing vaginal lavage smears [27] . Those mice at diestrus in the morning and proestrus in the evening of the same day were considered to be at the onset of proestrus and were subjected to restraint treatments immediately after the evening vaginal smearing. At the end of treatments, the mice were checked again for the stage of the estrous cycle, and only those at the desired stages (proestrus after a 12-h treatment and estrus after a 24-h treatment) were subjected to oocyte or blood collection.
Gonadotropin-stimulated mice. Female mice, ranging in age from 6 to 8 wk, were injected with equine chorionic gonadotropin (eCG; 10 IU i.p.), followed 48 h later by human chorionic gonadotropin (hCG; 10 IU i.p.). The hormone-stimulated mice were used for experiments at different times after eCG or hCG injection according the experimental design. Both the eCG and the hCG used in the present study were from Ningbo Hormone Product Co. Ltd. The eCG contained FSH and luteinizing hormone (LH) activities at a 4:1 ratio.
Restraint Procedure
For restraint, an individual mouse was put in a microcage, constructed by the authors, that was placed in an ordinary home cage. The microcage was made of a steel-wire screen (Fig. 1A ) that offered the same photoperiod and controlled temperature as in the large home cage for the unstressed animals. The oblong microcage measured 10 cm in length, 2.5 cm in width, and 2 cm in height (Fig. 1B) . While in the microcage, mice could move back and forth to some extent and could take food (Fig. 1C) and water ( Fig. 1D) freely, but they could not turn around.
Cortisol Administration
Cortisol dissolved in 50% alcohol in saline was administrated intraperitoneally in two injections at 1-h intervals. Cortisol powder was first dissolved in absolute alcohol, and the stock solution of cortisol was then diluted with the same volume of saline before injection. To avoid oocyte damage by alcohol, the amount of solution injected was strictly controlled at less than 0.2 ml/animal. To this end, the amounts of cortisol powder to be dissolved in absolute alcohol were carefully calculated for different dosages. For example, to inject mice weighing 30 g with a dose of 50 mg/kg, a stock solution was prepared by dissolving 15 mg of cortisol powder in 1 ml of absolute alcohol. The 1-ml stock solution was then diluted with 1 ml of saline, with the resulting solution therefore containing 7.5 mg/ml (i.e., 1.5 mg/0.2 ml) of cortisol.
Oocyte Collection
To recover immature oocytes at the GV stage for in vitro maturation, unstimulated cyclic mice were killed at the early stage of estrus, whereas the hormone-stimulated mice were killed at 24 or 48 h after eCG administration. Oocytes were collected from the unstimulated females only when no signs of ovulation were observed. Large follicles (diameter, !320 lm) on the ovary were ruptured in M2 medium to release cumulus-oocyte complexes (COCs). Only COCs with more than three layers of unexpanded cumulus cells and containing oocytes larger than 70 lm in diameter and with a homogenous cytoplasm were selected for maturation. To collect in vivo-matured oocytes or to observe ovulations, hormone-stimulated mice were killed and the oviductal ampullae broken in M2 medium to release COCs at different times following hCG injection.
Oocyte Maturation In Vitro
The recovered COCs at the GV stage were washed three times in M2 medium and once in maturation medium. The COCs were then cultured in groups (n ' 30 COCs) in 90-ll drops of maturation medium at 37.58C in a humidified atmosphere of 5% CO 2 in air. The maturation medium was TCM-199 (Gibco) supplemented with 10% (v/v) fetal calf serum (Gibco), 1 lg/ml of 17b-estradiol, 24.2 mg/L of sodium pyruvate, 0.05 IU/ml of FSH, 0.05 IU/ml of LH, and 10 ng/ml of epidermal growth factor (EGF).
FIG. 1.
The microcage used for the restraint procedure. The oblong microcage was made of steel-wire mesh (A) and measured 10 cm in length, 2.5 cm in width, and 2 cm in height (B). It allowed the mouse to make slight movements inside and take food (C) and water (D) ad libitum while prohibiting the mouse from turning its head back or its body around.
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Oocyte Activation
The activating medium used was Ca 2þ -free Chatot-Ziomek-Bavister (CZB) medium supplemented with 10 mM SrCl 2 . In vitro-matured oocytes were recovered at 26 h of maturation culture, whereas in vivo-matured oocytes were collected at 18 h post-hCG injection. Oocytes were stripped of their cumulus cells by pipetting in M2 medium containing 0.1% hyaluronidase. After being washed twice in M2 medium and once in the activating medium, the oocytes were incubated first in activating medium for 2.5 h and then in regular CZB without SrCl 2 for 3.5 h at 37.58C in a humidified atmosphere of 5% CO 2 in air. Both the activating medium and the CZB medium for subsequent short culture of oocytes were supplemented with 5 lg/ml of cytochalasin B to diploidize the parthenotes. Six hours after the onset of activation treatment, the oocytes were examined with a microscope for evidence of activation. Oocytes were considered to be activated when each contained one or two well-developed pronuclei.
In Vitro Fertilization
Masses of dense sperm were collected from the cauda epididymis of fertile male mice and then placed at the bottom of a test tube containing T6 medium supplemented with 10 mg/ml of bovine serum albumin (BSA). After 3-5 min, the supernatant containing highly motile spermatozoa was removed and capacitated in the same medium under mineral oil at 378C for 1.5 h. In vitromatured oocytes were collected after 14 h in maturation culture, whereas in vivo-matured oocytes were recovered at 12 h post-hCG injection. After being washed in the fertilization medium (T6 medium containing 20 mg/ml of BSA), the oocytes were placed in fertilization drops (20 oocytes per 40-ll drop). Capacitated sperm were added to the fertilization drops to give a final sperm concentration of approximately 1 3 10 6 /ml. After 6 h of incubation, oocytes were observed under a microscope for fertilization. Oocytes with two pronuclei and the second polar body were selected and cultured for development.
Embryo Culture
The Sr 2þ -activated oocytes and IVF zygotes were cultured for 4 d in the regular CZB medium without cytochalasin B (CB; 20 embryos per 60-ll drop) at 37.58C under a humidified atmosphere of 5% CO 2 in air. Glucose (5.5 mM) was added to the CZB medium when embryos were cultured beyond the 3-or 4-cell stages. At the end of culture, embryo development was examined, and some of the blastocysts were stained with Hoechst 33342 for cell number counting.
Collection and Transfer of In Vivo Embryos
Immediately following hCG injection, hormone-stimulated mice were placed with the males overnight and then examined the next morning (Day 0 postcoitus [p.c.]) for the presence of vaginal plugs. On the afternoon of Day 3 p.c., female mice that had shown vaginal plugs were killed, and their uteri were flushed for embryos. After the numbers of blastocysts obtained per mouse were recorded, five blastocysts from each mouse were randomly selected for counting of blastocyst cells, and the rest were used for embryo transfer.
For embryo transfer, pseudopregnant recipients were prepared as reported previously [28] . The Day 3.5 p.c. embryos were transferred into the uterine horns of the Day 2.5 p.c. pseudopregnant recipients. Fifteen embryos were transferred to each recipient (n ¼ 7 or 8 embryos per uterine horn).
Hormone Assay
Mice were killed by decollation, and trunk blood (;1 ml) was collected into ice-cooled centrifugal tubes. Blood collection from stressed animals was always completed within 40 sec after their release from restraint. Immediately after collection, the blood samples were centrifuged (1400 3 g, 10 min, 48C) to separate serum. The serum collected was stored at À808C until hormone assay. Serum cortisol and FSH levels were measured by radioimmunoassay at the Central Hospital of Tai-an City using commercial kits from Jiuding Biomedical Techniques Co. Ltd. The minimum level of detection for the cortisol assay was 1.0 ng/ml, and the intra-and interassay coefficients of variation (CVs) were 5.3% and 6.7%, respectively. The minimum level of detection for the FSH assay was 1.0 ng/ml, and the intra-and inter-assay CVs were 6.3% and 7.4%, respectively.
Data Analysis
Unless otherwise stated, each treatment had at least three replicates. Data were analyzed using SPSS 11.5 (Statistics Package for Social Sciences). Data were compared using one-way ANOVA followed by least-significantdifference (Duncan) post hoc tests. The percentage data were arc sine transformed, and assumptions that the transformed data were normal (ShapiroWilk and Kolmogorov-Smirnov tests for normality) and that population variances were all equal (Levene test) were checked before performing the ANOVA. Data are expressed as the mean 6 SEM, and differences are considered to be significant at P , 0.05.
RESULTS
Our Restraint System Did Not Affect Food and Water Intake of Mice
To test whether our restraint system would affect feeding and whether a food and water deprivation control would be necessary for experiments, the restrained (n ¼ 12) and control (n ¼ 12) mice were individually kept for 24 h in cages with the floor covered by a pressboard. Food (including that crushed on the floor) and water were weighed both before and after experiments. The results indicated that the average intake of food (5.95 6 0.22 vs. 5.79 6 0.30 g) and water (6.76 6 0.16 vs. 6.80 6 0.40 ml) did not differ significantly (P . 0.05) between restrained and the unrestrained control mice (the power of the test for intake of food and water was 0.88 and 0.99, respectively, when the difference between the stressed and control animals was assumed as one).
Restraint Stress Increased Cortisol Level in Serum of Treated Mice
Our objective was to study the effects of restraint applied during the critical stages of oocyte development on oocyte developmental potential. The stages of oocyte development tested included the proestrous stage (;24 h) in unstimulated animals and the early (0-24 h) and late (24-48 h) stages of prematuration development (eCG priming) as well as the final maturation stage (0-10 h after hCG injection) in hormonestimulated mice. Comparison was made between eCGstimulated and unstimulated mice to study the involvement of the hypothalamic-pituitary-gonadal (HPG) axis in the stressinduced impairment of oocyte competence, because the very high doses of FSH administered in eCG would override any inhibitory effect of stress on FSH secretion. To evaluate the stress response of mice to our restraint system, unstimulated cyclic mice were exposed to restraint for 1 or 24 h starting from the onset of proestrus, whereas hormone-stimulated mice were exposed to restraint for different periods following eCG or hCG administration. Blood samples were collected for hormone assays either immediately or after a 1-or 24-h recovery at the end of the stress period. The purpose of this arrangement for blood collection was to see whether our restraint system would stress the animals consistently and would have any aftereffect. Whereas restraint for 1 h doubled the serum concentration of cortisol in both the unstimulated and hormone-stimulated animals, restraint for 24 h quintupled the serum concentration (Fig. 2) . However, serum level of cortisol returned to normal after recovery for 1 or 24 h following a 24-h restraint. In addition, mice restrained after hCG injection showed less elevated concentrations of serum cortisol than did mice stressed during proestrus or following eCG injection.
Effects of Maternal Restraint During Follicular Growth and Maturation on Oocyte Maturation and Embryo Development In Vitro
To study the effects of maternal restraint during follicular growth and maturation on oocyte maturation and embryo 674 development in vitro, unstimulated mice were exposed to restraint for 24 h starting from the onset of proestrus, whereas the gonadotropin-stimulated mice were exposed to the stressor for different periods following eCG or hCG administration. Oocytes at the GV or metaphase II stage were collected for in vitro maturation and/or fertilization/activation either immediately or after a period of recovery at the end of the restraint period. In both the unstimulated and the stimulated mice, maturation and activation/fertilization were unaffected by restraint (data not shown). When oocytes were collected immediately after restraint, rates of blastocyst formation and cell counts per blastocyst decreased significantly in the stressed mice compared to those in the nonstressed controls (Figs. 3 and  4) . When mice stressed during the first 24 h following eCG injection were allowed to recover for 24 h after stress, however, both the blastocyst rate and the cell number per blastocyst returned to the level found in unstressed control mice. When mice stressed during the second 24 h after eCG were allowed to recover for 10 h after stress, rates of blastulation remained lower than those in controls. These results indicate that restraint applied during both growth and maturation of oocytes impaired oocyte developmental potential and that the impairment was more reversible when restraint was applied at the early stage than at the late stage of oocyte growth/maturation. Furthermore, in the unstressed control animals, the blastocyst percentage was lower in mice treated with eCG for 24 h than in unstimulated mice. Blastocyst rates were much higher in unstressed control mice stimulated with eCG for 48 h. It should be noted that oocytes from unstimulated mice were recovered after the LH surge (at the end of proestrus), whereas oocytes from the eCG-primed mice were collected 24 h before the presumed LH surge (time for hCG injection in the routine regime of superovulation). Thus, the development of oocytes in vivo at stages closer to final maturation is more crucial for them to acquire developmental competence and, therefore, is more vulnerable to stress insults.
Effects of Maternal Restraint During Follicular Growth on Embryo Development of Oocytes In Vivo
To study the effects of maternal restraint during oocyte prematuration development on in vivo embryo development, stimulated mice were exposed to restraint for 24 h starting from 24 h after eCG injection. At the end of restraint, the mice were injected with hCG and placed with the males overnight. The next morning, mice were examined for the presence of vaginal plugs, and females with vaginal plugs were killed 3 days later for embryo collection. After the number of blastocysts collected from each mouse was recorded, some blastocysts were processed for cell counting, whereas the rest were transferred to the pseudopregnant recipients. Both the number of blastocysts obtained per mouse and the cell counts per blastocyst were lower in the stressed than in the unstressed mice, although the difference was not statistically significant (Table 1) . However, when the number of ovulations per animal (see below) was taken into account, the difference in blastocyst rates became more pronounced between the stressed mice (48%, 25/52) and the unstressed mice (59%, 30/51). Furthermore, after embryo transfer, the average number of young per recipient and the birth weight of the young from stressed donors decreased significantly compared to those from the unstressed donors (Table 1) . Taken together, the results suggest that restraint during growth/maturation of oocytes diminished their developmental potential in vivo and that the detrimental effect was not reversible when restraint was applied at the late stage of oocyte growth/maturation.
Effects of Injecting Mice with Cortisol During Oocyte Growth on IVF and Embryo Development
To study the effect of cortisol on oocyte growth/maturation, unstimulated and stimulated mice were injected with different dosages of cortisol at the onset of proestrus and 24 h after eCG   FIG. 2 . Serum cortisol concentrations after unstimulated and gonadotropin-stimulated mice were exposed to restraint at different times starting from the onset of proestrus or eCG injection. Each treatment was repeated three times, and blood samples from three or four mice were examined per replicate per treatment. Values without a common letter above their bars differ significantly (P , 0.05) within control and treatment pairs or triples. *Zero is the time for the onset of proestrus or eCG injection, and H stands for the time for hCG injection. Solid lines stand for restraint periods, whereas dotted lines represent nonrestraint periods.
RESTRAINT STRESS AND OOCYTE COMPETENCE 675   FIG. 3 . Effects of restraint of unstimulated and gonadotropin-stimulated mice on blastocyst rates and cell number per blastocyst after parthenogenetic activation and in vitro culture of oocytes. In experiments involving unstimulated mice, each treatment was repeated at least three times, and 40-50 oocytes from four to six mice were examined per replicate per treatment. For experiments using stimulated mice, each treatment was repeated three or four times, and 30-40 oocytes from three or four mice were examined per replicate per treatment. Values within percentage blastocysts or cell number per blastocyst without a common letter above their bars differ significantly (P , 0.05) within control and treatment pairs or triples. *Zero is the time for the onset of proestrus or eCG injection, and H stands for the time for hCG injection. Solid lines stand for restraint periods, whereas dotted lines represent nonrestraint periods.
FIG. 4. Effects of restraint of unstimulated
and gonadotropin-stimulated mice on blastocyst rates and cell number per blastocyst after fertilization and in vitro culture of oocytes. In experiments involving unstimulated mice, each treatment was repeated at least three times, and 40-50 oocytes from four to six mice were examined per replicate per treatment. For experiments using stimulated mice, each treatment was repeated three or four times, and 30-40 oocytes from three or four mice were examined per replicate per treatment. Values within percentage blastocysts or cell number per blastocyst without a common letter above their bars differ significantly (P , 0.05) within control and treatment pairs or triples. *Zero is the time for the onset of proestrus or eCG injection, and H stands for the time for hCG injection. Solid lines stand for restraint periods, whereas dotted lines represent nonrestraint periods. 676 injection, respectively. Control mice were injected with either nothing or only the vehicle (50% ethanol). Oocytes at the GV stage were collected for in vitro maturation at 24 h after cortisol injection. In both the unstimulated and the stimulated mice, oocyte maturation and fertilization were unaffected (data not shown), but the rates for blastocyst formation and cell number per blastocyst decreased significantly when the cortisol dosage increased to 50 mg/kg (Fig. 5) . To verify the extent to which the cortisol injection increased circulating cortisol levels, serum cortisol levels were measured 12 h after the stimulated mice were injected with cortisol at 50 mg/kg. The results confirm a remarkable increase in serum cortisol in animals receiving cortisol injection (114.34 6 15.42 ng/ml) compared to animals injected with nothing (18.48 6 2.17 ng/ml) or with ethanol alone (10.45 6 1.50 ng/ml).
Effects of Maternal Restraint During Follicular Growth and Maturation on Ovulation
To determine the effect of maternal restraint during follicular growth and maturation on ovulation, stimulated mice were restrained either for 24 h starting from 24 h after eCG injection or for 10 h immediately after hCG injection. At different times following hCG injection, percentages of mice initiating ovulation and the number of oocytes recovered per mouse were examined. Both restraint options examined postponed ovulation, but the post-hCG restraint showed a more severe effect than the pre-hCG method (Fig. 6A) . The post-hCG restraint also decreased the number of oocytes recovered per mouse significantly (P , 0.05 at 18 h post-hCG) compared to controls, whereas the pre-hCG restraint did not (Fig. 6B) .
Effects of Restraint and Injection of Cortisol at Proestrus on Serum FSH Level
To study how restraint and cortisol affected oocyte developmental potential, at the onset of proestrus, unstimulated cyclic mice were exposed to restraint for 24 h or injected with cortisol (50 mg/kg body weight). Mice were killed to collect blood for FSH assay at diestrus, early proestrus, late proestrus, and estrus (i.e., at diestrus and 0, 12, and 24 h after cortisol injection or the onset of restraint). In control mice, serum FSH level increased steadily from diestrus to early proestrus, late proestrus, and estrus (Fig. 7) . Whereas injection of cortisol had no effect, restraint decreased the FSH level significantly at late proestrus and estrus in comparison with the level in control mice. 
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Effects of Cortisol Exposure During In Vitro Maturation on Oocyte Maturation and Embryo Development
To determine the direct effect of cortisol on oocytes, oocytes were exposed in vitro to different concentrations of cortisol. Oocytes were collected from stimulated mice at 24 or 48 h after eCG injection. Oocytes collected at 24 h were first incubated for 24 h in maturation medium supplemented with 10 lg/ml of isobutylmethylxanthine and different concentrations of cortisol, then cultured in regular maturation medium for 14 h. Oocytes recovered at 48 h after eCG were cultured for 14 h in maturation medium containing different concentrations of cortisol. At the end of culture, some oocytes were examined for maturation, whereas others were further cultured in regular maturation medium for 10 h before Sr 2þ treatment for activation. In both groups of oocytes, oocyte maturation, activation, and morula/ blastocyst development were unaffected until the cortisol concentration increased in the medium to 50 lg/ml (Table 2) .
DISCUSSION
Restraint is an experimental procedure developed for studies of psychogenic stress [25, 26] . According to Golub et al. [29] , ''psychogenic'' refers to the implication that no invasive physical procedure or tissue trauma is involved but, rather, that the stress response is initiated in the brain by the psychological distress of being unable to move freely. Two subtypes of restraint that are often used are confinement, where movement is limited by a plastic or metal tube [30] , and immobilization, where the animal's limbs and body are held immobile by tape or plaster [31] . However, metal tubes also restrict vision and light, which may reduce or enhance stressfulness [29] , and tape or plaster immobilization may cause physical insults, such as impairment of blood flow. Furthermore, other factors can contribute to stress in restraint procedures. For example, food and water generally are not available during restraint periods. An additional stress can be added with a bright light, heat or cold, or immobilization in a supine position [32] . In addition, novelty stress can be inferred when a single restraint session in an unfamiliar environment is used [33] . To overcome these shortcomings, we established a new restraint system in which mice were restrained in a small, steel-wire mesh cage that was placed in their home cage with exactly the same photoperiod and controlled temperature as those of the unstressed control animals and that allowed mice to move back and forth and take food and water freely. Although stressors of different sorts have been found to suppress feeding of animals significantly [34] [35] [36] , our observations showed that the average food and water intake did not differ between the mice restrained in our system and the unrestrained control mice. This indicates that a food and water deprivation control is not necessary with our restraint system.
To evaluate the stress response of mice to our restraint system, plasma cortisol concentrations were assayed after restraint for different periods. The results showed that whereas restraint for 1 h doubled the plasma concentration of cortisol in both unstimulated and eCG-stimulated animals, restraint for 24 h quintupled the plasma concentration. The level of plasma cortisol returned to normal within 1 h after the animal was released from a 24-h restraint. This indicates that our restraint system stressed animals consistently and without any aftereffect. Barlow et al. [37] found that following restraint using plaster immobilization for 24 h, plasma corticosterone levels of pregnant mice rose to a peak of approximately 7.5 lg/ml from a baseline of 0.8 lg/ml. Likewise, a 5-h tube confinement of rat dams increased plasma corticosterone above the level in controls (1.2 lg/ml), to approximately 3 lg/ml, in the preimplantation period [30] . Although corticosterone is considered to be the main glucocorticoid involved in regulation of stress responses in rodents, several studies have observed increased cortisol in plasma and adrenal glands of mice 
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following stress [38] [39] [40] [41] , and many studies have even used cortisol as the index for stress activation in mice [42] [43] [44] and rats [45] [46] [47] . Furthermore, the elevated corticosterone level induced by acute surgical stress returned to normal at 24 h after operation of mice [48] . In addition, the present results also show that cortisol in mice stressed for 10 h after hCG injection was not increased as much as that in mice stressed for 24 h during proestrus or following eCG injection. It should be noted that blood samples from mice after hCG injection were collected in the early morning, whereas those from mice stressed during proestrus or following eCG injection were collected in the afternoon. Serum corticosterone concentrations in mice have been found to be significantly lower in the morning than in the afternoon [49] . Furthermore, it has been shown that cortisol exhibits much higher glucocorticoid potency than corticosterone [50] . Taken together, these results suggest that plasma cortisol level can be used as a good indicator for mouse activation of restraint stress.
Whereas Euker and Riegle [16] found that restraint stress of female rats before ovulation and mating did not affect litter size, Slozina and Neronova [17] reported that restraint stress at the end of the first meiotic division of oocytes increased the rate of aneuploidy. It should be noted that both studies used the immobilization approach with rats in a supine position, which, as discussed above, might cause physical stress. What is more, rats were immobilized under a light anesthesia with fluorine derivatives in the latter study [17] . Using a restraint system that excluded as many other stressing factors as possible, the present study unequivocally demonstrated that restraint stress of females during the late stage of follicular growth and maturation diminishes the developmental potential of mouse oocytes. Thus, rates of in vitro blastocyst formation and cell counts per blastocyst, as well as the average number of young per recipient and the birth weight of the young after embryo transfer, decreased significantly following restraint of both unstimulated cyclic mice and eCG-stimulated mice at the proestrous stage. However, the impairment in oocyte developmental potential was reversible when stimulated mice that had been restrained at the early stage of follicular growth (during the first 24 h after eCG injection) were allowed to recover for 24 h after the restraint. Glynn et al. [14] reported that women exposed to acute stress (earthquake) in early pregnancy are at significantly increased risk of shortened gestation compared with women exposed in late pregnancy. Studies with cattle indicated that oocyte development in dominant follicles immediately before the LH surge [22] and during the 24-h period after the LH surge [23] is crucial for oocytes to acquire their developmental competence. This may help to explain the association between the timing of restraint and the vulnerability to impaired oocyte competence observed in the present study.
Our radioimmunoassay showed that restraint stress prevented elevation of the serum FSH level during proestrus in unstimulated mice but increased their cortisol concentration remarkably. Exposure of rats to restraint for 5-7 h resulted in suppressed secretion of both FSH and LH on the day of proestrus [20] . Plasma LH and FSH concentrations decreased in male rats restrained for 6 h daily over 4 days [51, 52] . Furthermore, in rats with combined ablation of a thyroid lobe, one adrenal gland, and one ovary, daily immobilization for 8 h produced a marked rise in plasma corticosterone but antagonized the surge of FSH and LH [53] . In the present study, however, injection of cortisol at the onset of proestrus induced a remarkable elevation of serum cortisol but did not affect the serum FSH level of unstimulated mice, although it did impair oocyte developmental competence in both unstimulated and stimulated mice. Other studies have also indicated that administration of dexamethasone [54] , cortisol [55] , or corticosterone [56] had either no effect or a stimulatory effect on the FSH level of unstimulated female rats, although it decreased the plasma level of LH. Considered together with the present results that oocyte developmental potential in the stimulated mice was significantly impaired by restraint despite administration of very high doses of FSH (2.7 IU/ml) and LH (0.7 IU/ml) in eCG (in which the physiological concentration of both FSH and LH is ;0.01 IU/ml [57] ), it is proposed that whereas cortisol may act directly on the ovary to damage the oocyte, restraint stress may impair oocyte competence by actions on both the HPG and the hypothalamic-pituitaryadrenal (HPA) axis. Glucocorticoids have been found to reach the ovary through the bloodstream and to exert their actions through glucocorticoid receptors on ovarian cells [58, 59] . Strong evidence suggests that glucocorticoids affect ovarian steroidogenesis by altering activities of the enzymes involved [60] [61] [62] . In addition, evidence also indicates that stress may affect cells through routes other than the HPG and HPA axes. For example, it has been reported that stress (including immobilization) caused a remarkable increase in the opioid concentration in the hypothalamus [63, 64] and that opioids inhibited cell growth and triggered apoptosis [65, 66] . It is thus possible that stress impairs oocyte growth/maturation by increasing opioid production in the hypothalamus and, in turn, damaging the ovarian tissue.
The present results indicate that restraint of gonadotropinstimulated mice during follicular growth or maturation postponed ovulation and that the restraint during oocyte maturation decreased the number of ovulations as well. Konstantinov et al. [67] also observed a considerably reduced number of ovulations in immobilized rats. Because the mice in the present study had received a very high dose, far above the physiological level, of LH from eCG injection, it is unlikely that the impaired ovulation after restraint was caused by reduced LH secretion. Rather, it suggests a direct effect of RESTRAINT STRESS AND OOCYTE COMPETENCE glucocorticoids on the ovulation process. A high concentration of free (biologically active) cortisol has been reported in the preovulatory follicle and is attributed to an increased production of progesterone and 17alpha-hydroxyprogesterone, which displace cortisol from its binding proteins and inactivate the 11beta-hydroxysteroid dehydrogenase type 2 that would otherwise inactivate cortisol to cortisone [68] . It has been suggested that cortisol may function to reduce the inflammatory-like reactions during ovulation [69] . It is thus possible that the increased level of glucocorticoids during restraint will lead to a local, extraordinarily high level of free cortisol within the preovulatory follicle, which would delay or block ovulation by preventing the inflammatory-like reactions essential for weakening and rupture of the follicle wall.
In the present study, exposure of oocytes to cortisol during in vitro maturation did not affect nuclear maturation and embryo development until the cortisol concentration in the medium increased to 50 lg/ml. Andersen [70] found that cortisol at 10 lg/ml had no influence on the regulation of nuclear maturation of mouse oocytes. González et al. [71] reported that corticosterone exposure of mouse oocytes decreased nuclear maturation, fertilization, and embryo development only when concentration of the drug increased to 250 lM (86.6 lg/ml). However, Malisch et al. [72] reported that the baseline and stress-induced plasma corticosterone concentrations of female mice were 0.11 and 0.45 lg/ml, respectively. The present study showed that the baseline plasma level of cortisol in female mice was 0.03 lg/ml and increased to 0.15 lg/ml following restraint stress. Because only a few percent of the total concentration of cortisol is free and unbound in normal men and women [73] , the total concentration of biologically active glucocorticoids in female mouse serum would be calculated as approximately 0.6 lg/ml after stress. Even though it has been estimated that the concentration of free cortisol in preovulatory follicular fluid is 10-fold higher than the corresponding values in serum [68] , the total level of free glucocorticoids in mouse preovulatory follicular fluid would be, at most, approximately 6 lg/ml after stress. Therefore, the levels of cortisol used in vitro in the present study are beyond physiological, because it will be difficult to assume that cortisol levels in mice would ever climb to 50 lg/ml in vivo after stress. However, the results do suggest that a short exposure of oocytes to elevated concentrations of glucocorticoids in vivo during stressful situations cannot damage the oocyte directly; rather, cortisol may impair ovulation and oocyte potential by an indirect effect on ovarian tissues other than COCs.
In conclusion, we have established, to our knowledge for the first time, a restraint system that excludes physical insults as much as possible by allowing mice free intake of feed and water while restraining their movement, and we have studied the effect of maternal restraint applied during oocyte growth and maturation on oocyte developmental competence. The results indicate that restraint stress increases maternal plasma cortisol level while impairing FSH release, ovulation, and oocyte developmental potential. However, although decreasing oocyte developmental potency, maternal injection of cortisol did not affect FSH secretion. The results suggest that whereas cortisol damages the oocyte directly on the ovary, restraint stress impairs oocyte competence by actions on both the HPG and HPA axes. Even so, exposing COCs to physiological levels of cortisol did not affect oocyte maturation in vitro. Thus, cortisol might have impaired ovulation and oocyte potential by an indirect effect on ovarian tissues other than COCs. The exact mechanism by which restraint stress and corticosteroids impair oocyte competence is currently under intensive investigation in our laboratory.
